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2. 

INTRODUCTION 

The purpose of this report is to first review the theory, 

operation, and potential applications of the tri-potential method of 

resistivity survey, and then to report on how this geophysical survey 

method was used at the Morgantown Energy Research Center's underground 

coal gasification (U.G.C.) site in Wetzel County, West Virginia; the 

results and conclusions from this phase of the project are also presented. 

This research project was performed under grant number GO155012 as funded 

by the U.S. Energy Research and Development Administration. 

The results of this study concerning the geophysical detection 

of fracture zones and caves in karst terrains and of ground-water aquifers 

in other terrains are not presented in this report. These results are 

instead available in Kirk (1976), on file at West Virginia University. 

The idea for this research was gleaned by reading the papers 

of Habberjam (19691, Carpenter and Habberjam (19551, and Carpenter (1955), 

which basically outlined the methods of the tri-potential resistivity 

survey and suggested some possible applications and areas of further study. 

Of particular interest was the potential use of this technique in locating 

underground cavities and its applications to engineering geology and 

mining. Preliminary investigations by the author in the fall of 1973 

indicated that this technique might also be readily applied to locating 

fracture zones and evaluating the water bearing nature of nonindurated 

sediments. It was at this time that the research was formulated and 

begun in earnest. 
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The research was designed in a standard type, three phase 

approach to the problem. These were: 

Phase I Literature search and formulation of 
hypotheses. 

Phase II Field investigations and testing of 
hypotheses. 

Phase III Data reduction and conclusions. 

Phase I was initiated in the fall of 1973 and continued 

in earnest until June of 1974. Phase II of this research started in 

the late fall of 1973, but the greatest bulk of field data was collected 

from June 1974 to March 1975. Phase III began in the fall of 1974 and 

continued until December 1975. 
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LITEMTURE REVIEW 

The tri-potential system for earth resistivity measurement 

was first discussed by Carpenter (1955); he proposed this method of 

survey to expediate the determination of lateral and local variations 

in earth resistivity. The tri-potential configuration was again discussed 

by Carpenter and Habberjam (19551, and for the first time this method 

of resistivity survey was given the name of tri-potential resistivity 

prospecting. In this paper the tri-potential method was described in 

detail, including the geometry of the system, the basic theory of the 

system, small scale brine tank modeling experiments, methods of computing 

theoretical curves given the Wenner curves, some small scale field 

experiments, and the development of the concept of tri-potential 

residual; these factors will be later discussed in greater detail. 

Habberjam (1969) used the tri-potential technique in a brine tank 

modeling experiment to determine the location, size, and depth of 

spherical cavities. His experiment proved successful and he was able 

to show a relationship between the response of two of the three 

electrode configurations involved in the tri-potential method and the 

depth and size of a spherical cavity. It was this research that encouraged 

the author of this thesis to initiate field investigations using the 

tri-potential method. 

Resistivity measurements have been used extensively in the 

past to detect underground cavities. Most of this research has occurred 



in karst areas when prospecting for caverns. In fact, resistivity 

surveys may be the most common geophysical tool used by karst researchers 

to date. Bates (1973), Dutta, et.al. (1970), Arandjelovic (1965), 

Bristow (1966), and Day (1964), have all used various methods of 

resistivity surveying to locate caverns in karst areas. Bates (1973) 

used a slight modification of the method employed by Btistow (1966) to 

locate caverns. In a homogeneous medium this method of cave detection 

has proved very successful in determining the map location and depth 

of the caverns. 

Very little has been done using resistivity measurements to 

locate subterranean voids in other types of terrains, although Palmer 

(1954) used resistivity surveys to locate a railway tunnel in a sand- 

stone-shale terrain, and H.R.B. - Singer Inc. in 1971 used resistivity 

surveys in an attempt to locate abandoned coal mines. 

The resistivity surrey has been used extensively to locate 

fualts and fracture zones. Van Nostrand and Cook (1966) describe in 

detail the theoretical considerations behind locating faults and fracture 

traces using various electrode configurations including the Wenner, Lee, 

and Schlumberger configurations along with several asymmetrical con- 

figurations. They also include a thorough discussion of past work using 

resistivity profiling to locate faults and fracture traces. More recently, 

??erkel and Kaminski (1972) used a buried source resistivity technique to 

verify the presence of fracture zones first located by aerial photographs 

and in locating smaller fracture zones that had no surface expression. 

Stahl (1973, 1974) used the standard Wenner array to detect and delineate 

faults. This research is unique in that the resistivity surveys were followed 
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up by a detailed boring and core analysis that showed that the changes 

in tesistivity correlated directly with changes in the rock structure 

in progressing over the fault zone. 

Electrical resistivity surveying has been used extensively 

in unconsolidated material to delineate the bedrock interface below 

and to locate buried channels in glaciated areas for the purposes of 

water supply and engineering applications. At the present time, 

delineation of the bedrock-soil interface and buried channel locations 

are by far the most common application of electrical resistivity 

surveying. Buhle (1953) used resistivity to delineate zones where good 

ground-water supply would be most likely to occur. Here the fact was 

used that clean drinking water in sands and gravels has a relatively 
. 

high resistivity val;e, while polluted water along with clay and silt 

have a lower resistance. Enslin (1953) used the standard Wenner array 

depth-sounding method to map the soil-bedrock interface in relation to 

foundation engineering design. Foster and Buhle (1951) in their classic 

paper used Wenner arrayed resistivity survey data in part for locating 

water wells with a great potential fot high yields. Electric logs, 

geologic logs, and detailed geologic mapping were also used in this study. 

Since the late 1950's the development of computer technology has aided 

methods for interpretation of resistivity data, particularly for layered 

interpretations such as are used for soil-bedrock interface mapping and 

ground-water mapping. A very good recent text that gives detailed 

descriptions of the Schlumberger and Wenner surveys as well as calculations 

for layered interpretations is by Bhattachary and Patra (1963). A large 
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portion of this text deals with methods for calculating theoretical 

depth sounding profiles involving computer modeling. The electrical 

resistivity survey is becoming so common-place in the fields of gound- 

water prospecting and unconsolidated sediment mapping that little is 

found in the most recent literature on the more common techniques. 

Flathe (1963) outlined methods for generating five layer master curves 

specifically for hydrogeological interpretations where a salt water-fresh 

water interface exists. Flathe (1967, 1964) used these methods for 

detailed hydrogeological interpretation of resistivity data. More recently, 

Zohdy, Eaton and tibey (1974) give a detailed methodology for the use of 

surface geophysics applied to ground-water investigations. Approximately 

one-third of this work was devoted to the use of tesistivity as a method 

of ground-water investigation. 
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BASIC THEORFZICAL CONSIDERATIONS 

GENERAL CONCEPTS 

In all methods of earth resistivity survey electric current 

is put into the ground artificially and the effects of this current on 

or within the ground are obtained by measurements of potential, differences 

in potential, or ratios of potential differences. One such potential 

value is then used with the known value of current input into the ground 

to calculate the resistance. 

In a wire the resistance is directly proportional to its 

length and inversely proportional to its cross-sectional area. The 

constant of proportionality that relates the resistance to the length 

over the area of a wire is known as electrical resistivity. That is: 

= R-A/L (1) 

where: = resistivity in ohm-feet or ohm-meters 

R= resistance in o'hms 

A= area in ft2 01: meters 2 

L- length in feet or meters 

The electrical resistivity is defined as the resistance of a given material 

of a given unit dimension. 

In making resistivity surveys a square-waved alternating 

current (a-c.1 of very low frequency (.l to 6 hz) is impressed into the 

ground via two electrodes. Theoretically this low frequency a.c. current 

can be treated as direct current. 
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Using potential theory for a homogeneous, isotropic, semi- 

infinite half space, one can show that for a single current source the 

potential at any point in the half space is given by: 

U= p.I/2*lr.R (2) 

where: u= potential 

P = resistivity 

R = distance from source to point of measurement 

I = current 

Because in the earth resistivity survey there is both a current source 

and current sink, the solution for the potential at a point must be 

calculated for this case. This is done by superposition since a 

current sink can be treated as a negative current source; hence for a 

two-electrode system the potential at a point in an isotropic homogeneous 

semi-infinite half space is given by: 

U = I+/2*~*(1/R1-1/R2) (3) 

where: RI= distance from current source 

R 2= distance from current sink 

Since in a resistivity survey a potential difference is 

measured using two more electrodes, the basic equation and superposition 

principle are applied again and this potential is defined as: 

U = ~.I/z.~.(l/R1-1/R2-1/R3+l/Rq) (4) 

where RI, R2, R3, and RI,, are explained in Figure 1. 



Figure 1: A general electrode configuration defining RI, R2, 
R3, R4 as horizontal distances in plan view. Cl and 
C2 are current electrodes. PI and P2 are potential 
electrodes. 

Transposing Equation (4) for resistivity leads to: 

P = 2~~~U/1*[1/(1/R1-1/R,-1/R~+1/R4)1 (5) 

The figure in brackets in Equation (5) depends only on the position of 

the electrodes and by definition is referred to as the configuration 

factor or geometry factor. From Equation (5), given the configuration 

factor only the potential difference and input current need to be known 

in order to determine the resistivity. That is to say, that for a given 

electrode setup, the configuration factor is a constant and the resistivity 

can be easily determined from Equation (5). 



Given a particular electrode configuration and that con- 

figuration's geometry factor, the number of theoretical curves for a 

given hypothetical resistivity situation are greatly reduced. From 

Equation (5) it can be seen that the geometry factor is equal to: 

G= 20/(1/R,-l/R,-l/R,+l/q) (6) 

Using Equation (6) one may calculate the geometry factor for any four 

electrode tesistivity array. The geometry factors for some of the more 

common arrays are listed below, where (a) and (b) are electrode spacings. 
. 

Wenner G= 2.n.a (7) 

Lee G = 4*n.a (8) 

Schlumberger G = Tr*(a*b+a2)/b (9) 

Figure 2 illustrates the electrode configurations for the above- 

mentioned arrays plus the three configurations for the tri-potential array. 

In any surface resistivity survey the quantity that is actually 

measured in the field is not the actual layer resistivity but a quantity -- 

known as the apparent resistivity. This measured apparent tesistivity is 

a value that, for a given electrode configuration, represents the combined 

electrical effects produced by the various earth materials in close 

proximity to the electrodes. The apparent resistivity is a function of 

the electrode configuration, electrode spacing, applied current, true 

earth resistivities, number of layers, layer thickness, potential 

gradient, and anisotropic earth properties. In the case of a homogeneous 

medium the measured apparent resistivity is equal to the actual or true 

resistivity. In some cases, the apparent resistivity, depending on how 

the above-mentioned parameters vary, may be a crude approximation of the 
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Figure 2: Shown ate the (a> Lee array, (b) Schlumberger array, 
(c) Wenner or CPPC array, (d) CPCP array, (e) CCPP 
array. 

Where Cl and C2 are current electrodes, PI, P2, and 
P3 are potential electrodes, and a and b are electrode 
spacings. 
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true resistivities near the electrodes. It may be larger or smaller 

than any of the true resistivities or, depending on the electrode 

configuration, may even be negative. 

ELECTRODE CONFIGURATIONS 

Frank Wenner (1912) was the first person to establish a 

fixed system for the in-place electrical measurements of earth materials. 

In the United States this is one of the most common electrode con- 

figurations used for resistivity surveys. It is by no means the most 

accurate method available for delineating changes in the earth's 

electrical properties. This is because the potential difference is 

merely the line integral of the potential gradient from one potential 

electrode to the other; that is, the apparent resistivity is approximated 

by a function of the average gradient between the potential electrodes. 

Therefore, the closer the potential electrodes are together, the better 

variations in resistivity can be detected, since the gradient averaging 

process tends to subdue the smail anomalous values of the gradient that 

would indicate variations in subsurface electrical properties. For this 

reason other electrode arrays may be used in an attempt to reduce the 

distance between the potential electrodes. One such electrode con- 

figuration is the Lee partitioning array. 

The electrode configuration for the Lee partitioning array is 

illustrated in Figure 2a. This array is the same as the Wenner array 

except that an additional potential electrode is placed at the center 

of the array. This in effect allows the potential gradient to be 

averaged over a distance only one-half as long as for the Wenner array, 
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offering greater sensitivity to anomalies which ailows closer definition 

of geologic boundaries. 

Another method of resistivity survey that minimizes the 

distance Setween the potential electrodes is the Schlumberger type 

survey, illustrated in Figure 2b. This electrode configuration 

minimizes the distance between the potential electrodes to the point 

where variations in the gradient are recognizable. The two potential 

electrodes are placed symmetrically about the midpoint of the configuration 

and a distance (b) apart. This distance (b) is kept small enough so 

that the electric field between the electrodes can be considered constant. 

This is done by keeping (b) less than one-fifth the separation distance 

between the current electrodes. Usually in the field (b) is kept less 

than one-tenth the separation distance between the current electrodes. 

This enabl,es small anomalies to be identified that could be completely 

averaged out when using a less sensitive array. The Schlumberger earth 

resistivity survey has another advantage over the other four electrode 

symmetrical arrays because in the depth sounding type of survey only two 

electrodes need be moved at any one time; this facilitates a more rapid 

depth survey. 

The Logn array, mentioned earlier in the literature review 

section, is a non-symmetrical array. It is also known as the one- 

electrode configuration and is the asymmetrical form of the Schlumberger 

configuration. Like the Schlumberger configuration, this array measures 

changes in potential gradient. The electrode configuration for this 

array is shown in Figure 3. 
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Figure 3: The Logn electrode configuration. PI and P2 
are potential electrodes, Cl and C2 are the 
current electrodes, (a) is the distance between 
potential electrodes, and (2) is the distance 
between the current electrode and the center 
of the potential electrodes. 

The potential electrodes in this array are moved along the surface 

with a constant spacing (a) along lines passing through the single 

current source. The distance (a) between the potential electrodes is 

kept small as in the Schlumberger array to enable a precise gradient 

measurement. The second current electrode is placed at a distance of 

at least 52 away from the first current electrode, and usually is 

placed on the opposite side of the potential electrodes in the array. 

This second current electrode has no significant effect on the potential 

gradient measurement, since it is placed effectively at infinity with 

respect ot the other elements. The apparent resistivity for this array 

is expressed by the function: 

Pa = 2-n*R2-hV/a-I (10) 

where: 

pa = apparent resistivity 

2 = distance from current electrode 

a = distance between potential electrodes 

AV = potential gradient 

I = current 

The Logn electrode configuration was the configuration used by Bristow 

(1966) and Bates (1973) to locate subsurface cavities. Like the Schlumberger 
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electrodes at a time. 

THE TRI-POTENTIAL ARRAYS 

Given any four-electrode array with two current and two 

potential electrodes, there will be twenty-four ways in which these 

electrodes can be arranged. By subscript and letter designation 

these twenty-four arrangements all appear to be different, when in 

fact there are only three distinctly different arrays out of the 

possible twenty-four. These three arrays are illustrated in Figure 

2c, d, and e. There are three reasons why this is so. For any given 

four-electrode arrangement, interchanging the subscripts of either 

the potential or current electrodes separately will alter the sign, 

but not the magnitude of either the resistance or the configuration 

factor. Changing the subscript of both the current and potential 

electrodes has no effect on either the configuration factor or the 

resistance. Disregarding sign, this leaves only six possibilities 

in which two current and two potential electrodes can be distributed. 

By use of the generalized form of the Helmholtz Reciprocal Relation, 

interchange of current and potential electrodes has no effect on the 

measured resistance, even in non-isotropic media (Searle, 1910); there- 

fore, the twenty-four possible arrangements are reduced, to just three 

different configurations. 

The geometry factors (from Equation (6)) and the apparent 

resistivities (from Equation (5)) can be calculated for each of the 
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three slectrode arrays. Apparent resistivities may be calcuiated by 

the expressions: 

P = 2-a-R 
cPPc cPPc (11) 

P = 3-a-R 
cPcP =PcP (12) 

5 = 6-a-R 
ccPP ccPP (13) 

312 resistance R .< ‘< 
1 s 2x-xL: can be calculated by use of potential and 

current measurements. Let I! ij be the potentiai at electrode i due to 

current I entering the earth at electrode j. Then for the electrode 

arrangement Cj?lP:C2 as illustrated in Figure 1 the resistance is 

given by: 

R 
clPiP2C2 

= (U2;-u 24-C31fU?t+)/I _ (14) 

For the eLectrode arrangement ClC;PlP2, shown in Figure 4, the resistance 

is given by: 

R 
=lc:PlP? 

= (ul+~-up+-u31+u~~)/I (15) 

For the electrod arrangement Cl?lCzP2, illustrated in Figure 4, the 

r6lstance is givsn *by: 

R 
clplc2p? = (U21-u 32-u41-u$3) /I (16) 

Equating Equations (141, (151, and (161, and applying the corollary to 

the Hemholtz Reciprocal Relation, one can relate the three resistance 

values by the formula: 

R =R 
c!P!Pzc; 

+R 
ClC2PlP2 clPlc2Pz (17) 

This impiies that given any two of the resistances for two of the above 

electrode configurations, the third resistance can 3e calculated. This 

is an important concep: that will be used later. 
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Figure 4: C:C;P:Pz and CIP;C~P~ electrode configurations where 
Xl, R2, ?.:, and RL are distances. 
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FIELD TECI3IQVES AXD THEORY 

DEPTH SOU?;DING TRI-POTENTIAL SCRVEY 

In the depth sounding tri-potential resistivity survey, the 

(a) spacing between electrodes is expanded and a plot of apparent resis- 

tivity versus electrode separation is obtained. In order to interpret 

tlhe data, the assumption must be made that the resistivity of the under- 

lying material varies as a function of depth only. In normai field 

practice, the validity of this assumption is usually not tested because 

cf the large amount of time required. The tri-potential method of resls- 

tivity survey tnables a rapid assessment of the validity of this assmption. 

This is because Equation (17) is true only if the above sssumpticn hold; for 

the fi2ld survey, such that: 

” = Rcppc-R,cpp-Rcpcp = O+ instrument error (18) 

For this case, the resistances vary as a function of depth only. If this 

relationship doss not hold, then lateral variations in resistance are in 

evid2r.ce. For this reason the tri-potential eart‘h resistCvLL:i surv2:r 

teslxG.qie has a distinct advantage over the ether forms cf four electrode 

arrays used in the depth sounding surveys. 

In this research the A (residual resistivity) value was divldsd 

by the CPPC resistance in an attempt to normalize the data. This ne:< 

quantity is defined here at the A% variable. 

Typical uses for the depth sounding survey are next discussed. 

The primary use of the depth sounding survey is to delineate the 

nonindurated-indurated interface boundary. Usually there is 2nough cf a 

resistivity contrast for this task to be accomplished. In some areas '~.r,er2 

there is a gradual change 0 f resistivity wit-n dept'n, this Lnterfaca is 
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harder to locate. Examples of areas where this technique fails in delineat- 

ing this interface are glaciated areas where clay-rich till overlies 

weathered shales. In this type of material, the resistivity contrast is 

not distinct, generally small and often non-existent, allowing no reliable 

determination of depth to bedrock. This is also a problem in areas con- 

taining a deep saprolite developed on metamorphic material, where the 

lower boundary of the saprolite is hard to define using the resistivity 

sounding survey. 

The depth sounding survey is also used to delineate zones in 

unconsolidated sediments that show a relatively high resistance (500 to 

2500 ohm-ft). These materials often show great potential as vater producers 

since nonindurated sediments having hig'n resistivities are usually sands 

and gravels. An illustration of using the tri-potential survey for water 

supply location is discussed under field results. 

FROFILING TRI-POTESTIAL SURVEY 

In the tri-n .otential profiling survey, the four elec:rodea are 

ikepc at a icnstant (a) spacing and moved in a line across rhe surface. 

In this way, a large area is covered at a relatively constant depth of 

investigation in a short time. This type of survey is basically concerned 

with locating anomalies associated with lateral variations in resistivitie; 

such as buried or2 bodies, faults, fracture zones, cavities and filled 

sinks. The greater portion of work on resistivity surveying by Van 

!Costrand and Cook (1966) dealt with the profiling survey and theoretical 

curves for various electrode configurations; many hypothetical fLeld cases 

are also discussed. 
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This research deals specifically with two types of problems 

using the tri-Fotential profiling survey. These are the location of 

fracture traces and the location of cavities and filled sinks. Locating 

fracture zones by the use of this technique will be discussed first. 

Fracture Zones 

In the field, a fracture can take on one of three resistivirp 

distributions. These are the cases where the fracture is of a higher 

resistance than the parent rock, where the fracture is of a low2r resistance 

than the parent bedrock and where there is no appreciable differzncz 

between the resisti-Jities of th2 parent bedrock and the fracture. In the 

former two cases, the fracture will show up either as a peak or a trough 

in the profile plot of distance versus resistivity. Since oniy in the 

first two cases can the fracture be detected, only these two cases will be 

discussed. 

The case in which the fracture resistivity is higher than in th2 

surrounding rock generally occurs in areas w‘here the parent rock is of a 

If7 L ,7'< " resi stivit:: (0450 ohm-ft), and where the fiuid in the Forous zone 

along fractures is of a higher resistance than the surrounding rock. This 

can also occur in areas where the fracture zone has been cemented, f2r 

instance, by calcite cement; such cemented layers act as insulators when 

compared to the more conductive surrounding rock. 

Theoretically, this situation can be modeled by use of a thin 

vertical insulating sheet in a conducting medium. This was done by 

iarpenter (1955). In this theoretical example, thre2 cases were examine?; 

these are: 
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(i) the case in which all four electrodes are on one side of the 

insulating sheet, 

(ii) the case in which one of the electrodes is on the opposite 

side of the insulating sheet from the other three and 

(iii) the case in which two electrodes are on each side of the sheet. 

For case (i), using image theory, Carpenter has shown that for 

the electrode arrangement C1PlP,C2 the apparent resistivity between the 

t:qo potential electrodes can be expressed by the equation: 

pa cppc-i = pI1+1(2t+2>+1/(2t-2>-1!(2t+1)-1/(2t-1)~ (i?! 

Similarly, for the C1C2P2Pi configuration, 

pa CC?,p-i = pC1+3[l/t-l/(2t-l)-1!!'t+1)]~ (20) 

and for the electrode configuration ClPlC2P2, 

pa cpcp-i 
= p~l+3~1/(2t+2)+1/(2t-2)-1/tl~ (21) 

For case (ii), Carpenter has shown that for the electrode 

arrangement C;P1P2C2, 

Pa c?pc-ii = pil/2+1/(2t+2>-lj(2t+l)j 

for the ClC2?,T1 arrangement, 

pa ccpp-ii = pE3/2+(3/2)t-3/(2t+l>) 

and for the electrode arrangement ClPlC2P2, 

pa cpcp-ii = -3pil/2t-1/(2t+2)}/2. 

Xote that in the last case, p 
acpcp-ii 

is negative. 

For case (iii) and the eiectrode arrangement CIPIP,C,: L L 

73 :?pc-iii 
= pi2+1/(2t;2)+1!!2-2t>l 

(22) 

(23) 

(2<) 
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For the array ClC2P2P1, the current and potential electrodes are on opposite 

sides of the sheet and, therefore, the potential across the trio potential 

electrodes is 0. For the C1PlC2P2 array: 

Pa cpcp-iii = pi3+3[1/(2t+2)+1/(2-2t)]/2) (26) 

where: 

t = d/s 

s = electrode spacing 

d = distance between the center of the array and 
the insulating sheet 

p = resistivity of surrounding media 

From the above eight equations, one can plot apparent resisttiiiiy 

versus distance to obtain the theoretical plot of the resistivity distribu- 

tion of transverses over a fracture for each of the three electrode arrays. 

Figure 5 shows the normalized plot of these relationships. -1s one can see, 

the curve is discontinuous at the critical points where the bounds of the 

equations representing these curves overlap. In actualit:r, this theoretical 

curve is ntit encountered in nature because the assumptions of nonconductance 

and infinitesimal thickness of the insulating sheet in the theoretical model 

are not met in the field. Therefore, the actual resistivity and the :gidth 

of a fracture zone must be accounted for. The effect of resistivity con- 

trast on the shape of the theoretical curve is sho:qn in Figure 6 where the 

fracture is of a higher resistance than the surrounding rock, and in Figure 

i where the fract.ure is of a lower resistance than the surrounding rock. 

Figure 8 a‘nows the effect of variations of fracture width cn the resistivit;' 

profile for a constant resistivity contrast of S.6. 
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Figure 5: Theoretical tri-potential profile across a 
vertical infinite insulating plane. 

d = distance, a = electrode spacing, pa = apparent 
resistivity and p = background resistivity at infinity. 
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Figure 6: Effect of positive resistivity contrasts on anomaly 
associated with fracture trace using the CPFC array 
survey (Van Xostrand and Cook, 1966). 

T3e fracture resistance exceeds t'ne surroundi7.2 rock 
resistance and k = tesistLvity contrast. 
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Figure 7: Effect of negative resistivity contrasts on anomaly 
associated with traverse across fracture zone using 
the CT?C survey (Van Sostrand and Cook, 1966). 

liock resistance exceeds fracture resisisance and 
'& = resistivity contrast. 
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Figure 8: The effect of variations of fracture width on the 
resistivity profile for a constant resistivity 
contrast of +0.6 for cppc array. The three plots 
ars for fracture TLdths of 0.2a, 0.5a and lSa, 
where (a) is the electrode spacing. 
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Another important variable is the (a) spacing, a variable that 

helps to define the resolution of the resistivity survey. Figure 9 

illustrates how the (a) spacing affects the magnitude of the resistivity 

anomaly associated with the fracture zone and detected Gith the CPPC suwey. 

It becomes apparent from this illustration that the smaller the (a) spacing, 

the larger the magnitude of the anomaly. Due to less than ideal situations 

when running the resistivity survey in the field, it is highly desirable to 

have a large anomaly associated with fracture zones. It is, therefore, 

desirable to minimize the (a) spacing whenever possible. 

The point of diminishing returns, when decreasing the (1) spacing 

in surveys, is reached when one of two circumstances is met. One of these 

is when the (a) spacing becomes so small that the time involved to perform 

the profiling survey is prohibitive. The other situation occurs when the 

small (a) spacing does not allow the detection of bedrock or the fracture 

tone because of soil or nonindurated cover. In general practice, a depth 

sounding survey should be performed prior to the profiling survey to determine 

the dept'n to bedrock, in order to properly determine the most sensitive 

(a) spacing. Prom field experience, approximately 1.3 times the depth of 

the soil zone is probably an optimum (a) spacing. It should be noted that 

this is only a generalization and that in areas where the soil is highly 

conducting, greater electrode spacings are needed to discriminate against 

the soil layer. 

Cavities 

The mathematical theory behind the location of cavities has yet 

to be adequately solved and it is beyond the scope of this research to do so. 

A brine tank modeling experiment done by Habberjam (1969) using an insulating 
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sphere was one of the first,attempts to deiineate the theoretical curves 

for the tri-potential technique. The results of this research will be 

summarized here to better understand how the tri-potential technique will 

respond as one passes over a buried cavity with the profiling survey. 

The shape of the theoretical curves obtained by travsrsing over 

the buried sphere are dependent on the electrode configuration used 

(CPPC, CPCP OR CCPP), on the ratio of depth of burial to the radius of the 

sphere and on the ratio of the electrode spacing to the sphere radius. 

In a homogeneous medium Equation (18) equals zero; therefore, only two of 

these electrode configurations were used in this modeling experiment. The 

theoretical response of the two surveys is illustrated in Figure 10. 

However, the field work associated uith this research shcws that the rela- . 

tionship mentioned above*does not hold true as one passes over a buried 

cavity. Depending on survey conditions, the response of the CPPC resistivitp 

survey, in fact, varied from that of a single peak to that of a triple peak, 

while the CPCP resisiivity survey results varied from a double peak response 

tc a triple peak response. 

T'he brine tank modeling experiment of Habberjam (1369) shows that 

responses to the CPPC and CPCP surveys can be used to identify th2 values 

of h/r and a/r, which are respectively, depth to top of sphere divid2d by 

sphere radius and electrode spacing divided by the radius of the sphere. 

Since the electrode spacing (a) is always known, (h) and (r) can be deter- 

mined. The two values that best show the effects of (h) and (r) are: 

a. The CPPC maximum ratio. This is the ratio of the 

peak apparent resistivity value (which in all 

cases occurs directly over t'ne top of the buried 
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a/r=1 

h/r=l/3 

Figure 10: Tri-potential resistivity response to perfectly Insuiating 
sphere, from Habberjam (1969). 

Where d = distance from center of sphere 
r = radius of sphere 
a = electrode spacing 
h- depth to top of sphere 

Pa = apparent resistivity 
P = resistivity of surrounding media 



cavity) to the CPPC resistivity an infinite dis- 

tance away from this cavity. This value is 

expressed as: 

pcpp%Ax / 
pcPPcm = cL (27) 

b. The CPCP fraction. This is the ratio of the mean 

value of the CPCP resistivity at a distance (d) 

from the central CPCP peak to the CPCP resistivity 

at infinity. This value is expressed as: 

pcPcP3 
/ 

pcpcP, = 3 (28) 

These values are plotted against h/r and a/r in Figure.li. 

Within the observed range, each member of the c1 family of curves intersects . 

all members of the 8 family of curves only once. These curve intersections 

result in unique points which correspond to unique values of h/r and a/r. 

Since (a) is always known, the depth and size of the spherical cavity can 

be determined. The limits for detection in this experiment are for a 

sphere of radius r buried to a depth r below the surface and a sphere with 

a radius of a/'5 grazing the surface. When looking for caverns and deep 

mines these limits of detection would seem to preclude deeper investigations. 

However, this is not the case since caverns and deep mines are better 

approximated by cylinders and plates, rather than spheres. Larger anomalies 

would result from modeling these three-dimensional types. The field results 

do, in fact, show this to be the case. This conclusion is further substan- 

tiated by the work of Myers (1975). In this work he reviewed the various 

methods of resistivity surveying used up to that tLme in locating cavities. 
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He concluded that brine tank modeling was very valuable provided other 

shapes than spheres are used, since spheres do not accurately model the 

shape of most cavities as they occur in nature. 

Figure 11: Chart relating p and p P i?CP_ p 
response / io electrode spacing (a), sphere radius !r) 
and depth to LOP of sphere (H), tiabberjas (1969). 
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FIELD RESULTS 

The field work for this research project can be classified into 

the two general survey categories of profiling and depth sounding. At the 

underground coal gasification site in Wetzel County, the profiling surveys 

were used to locate fracture zones, while the depth sounding survey was used 

to evaluate the resistivities of stratigraphic units overlying the Pittsburgh 

coal seam. The results of the profiling surveys will be discussed first. 

PROFILIXG TRI-POTENTIAL SURVEYS 

The greatest bulk of field work was spent on the profiling surveys 

at the Underground Coal Gasification (UGC) site (see Figure 12) of the U.S. 

Energy Research and Development Administration (ERDA)-->!organtown Energy 

Research Center (YERC) in Wetzel County, west Virginia; this part of the 

research project involved locating previously unknown fracture zones as well 

as confirming the location of suspected fracture zones. Profiling surveys 

were initially run across areas that showed the most probable lxation of 

fracture zones through aerial photo-lineament analysis. In addition to these 

slurveys, profiles were run to determine if there were any additional fracture 

zones that showed little or no surface expression and could, therefore, not 

be detected by aerial photo-analysis. 

The resistivities typically encountered at the UGC site were in 

the range of 90 to 300 ohm-ft, and were predominantly below 200 ohm-ft. 

This is consistent with the rock types at or near the surface. At the UGC 

site the soils are clay-rich, formed from grey acid shales and fine-grained 

dirty sandstones. The resistivity range encountered at the UGC site, 

therefore, seems to be realistic for this terrain. 
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Figure 12: Outline of Drainage Basins containing the Underground Coal 
Gasification (U.G.C.) site, modified after Sole et al. (1976). 
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For each traverse at this site two electrode spacings were utilized: 

a 10 ft spacing and a 40 ft spacing. The 10 ft spacing was chosen because it 

was believed that this would be the minimum electrode spacing required to 

detect fractures below the typically 2 to 4 ft thick, highly conducting soil 

zone. The 40 ft spacing was chosen because it was estimated that anything 

longer would be unmanageable in the heavily vegetated areas where a number 

of the surveys were run. 

This site had been logged approximately 40 years ago and, therefore, 

the old abandoned logging roads that ran parallel to the hill ccntours were 

used for three of the profile lines. The remainder of the profiles :gere run 

in the valley bottom areas of the site that had been used as pasture for 

many years. Approximately two weeks were required to clear the old logging 

roads and porticns of the valley before the resistivity profiles could be run. 

The last part of July and the entire month of August, 1974, were required to 

gather this data. X11 of this field data was collected using a Soil Test 

model R-40 Terra Scout resistivity meter that had been modified by the 

installation of a switching circuit to facilitate the rapid change from one 

eiectrode array co another. 

A map of the location of these traverses is shown in Figure 13, 

:qhich also shows the location of the fracture zones found by the tri-potential 

surveying. The most prominent photo-lineaments in the study area occur along 

the two fracture zones bearing 115" and 37". These are drainage or scream 

photo-lineaments, which also show up especially well on 1.5-1.6 millimicron 

multispectral scanning imagery. The two pairs of fracture zones bearing lob' 

and 106" are not associated with photo-lineaments previously mapped by the 

Yorgantown Energy Xesearch Center, with one exception: a photo-Lineariient 
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detected on high- altitude color infrared photography falls along the northern- 

most fracture zone bearing 104", and is possibly associated with both fractur? 

zones with this bearing. On the other hand, most mapped photo-lineaments at 

the UGC site are not associated with near-surface resistivity anomalies. 

Figure 14 shows the data from part of the resistivit:; profile E-H', 

as located on Figure 13. This survey was done along an old logging road high 

on t'ne hill to the east of the LGC site. Figure 14 shows tihe response of the 

resistivity profiling survey as the array passes across two shallow fracture 

zones bearing 104" along the northern half of survey 2-U'. It can be seen that 

the 10 ft electrode spacing had a greater response than the 40 ft spacing. Th e 

maximum response for the 10 ft spacing is 2.4 times the background resistivity 

f,Zr the CPCP array. For the same array at the 40 ft spacing, a nasimum of 1.7 

tines the background resistivity is reached. As one passes over the second 

fracture zone, the 10 ft CPCP response resistivity factor is 1.9 while the 

40 ft CPCP response factor is only 1.2. The resistivity values for the second 

fracture alone indicate that the resistivity anomaly asasc%~tsd with tnij 

fracture zone does not extend at depth since the 40 ft spacing response is 

much less than the i0 ft spacing response. This is confirmed by the delta 

percent values (AZ) for the 40 ft (a) spacing. As the ir0 f t s zacizg surve:; 

passes over both fracture zones, there is little respcnse in the L,Z value, 

while the 10 ft spacing survey shows a large response in this value. This 

further indicates that these anomalies extend only to a shallot; depth. 

Similar responses vere obtained as one passed over the fractures along traverse 

H-H' that are t? the south-southwest of the first two fracture zones. In 

addition, similar responses were observed xhen passing acrcss these four 

shallow fracture zcnes along the traverses J-J', G-G' and 3-Z'. 
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A different type of response was noted in traverses C-C' and D-D' 

as one passed over the fracture bearing 115" (shown in Figure 15) that seems 

to be associated with one of the valleys that is present at the UGC site. h 

much larger response is evident from this figure than in Figure 14. The 10 

ft (a) spacing survey reaches a maximum value of 3.2 times the background 

resistivity. This response is over a wider area than the previously mentioned 

fracture zones. The 40 ft (a) spacing also shows a large response to this 

anomaly. This indicates that the 115" fracture is deeper and wider than the 

fractures bearing lG4' and 106". 

Both the 10 ft and the 40 ft A% values show maximum rs_sponses much 

greater than the background A% values, indicating again that the resistivity 

anomaly associated :Jith the fracture extends to a depth greater than the 

other fractnres. From these large A% values one can conclude that the 115" 

fracture zone may well extend down to several hundred feet. No definite 

determination of the depth can be made since only two (a) spacing surveys 

5iere run across the fracture zone. The 10 ft A% plot is cf parttcular interest 

since it responds at two points along the trasrerse. Theoretically this t:;Fe 

ot response :<ould result as one passes across a vertical resisti-%rity boundary 

or zone. Data analysis shows that this fracture zone is approximately Si) ft 

wide as indicated by the distance between the two maximum points for the 10 ft 

spacing A% traverse. X similar response was obtained as traverse C-C' passed 

across the fracture bearing 115". 

The fracture bearing 37" has a somewhat varied resistivity response 

associated with it. The largest response was obtained along traverse B-Z', 

TGhile the least response occurred on traverse F-F'. The least response i3 

probably because of the srr.all angles with which this traverse intersects the 

fracture zone. Traverses A-A.' ,and B-5' showed respor,s2s for ~52 37' fract?-:re 
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which were similar to, but of a smaller magnitude than those associated With 

the fracture bearing 115". These two traverses indicate that the peaks in 

the ax traverse for the 10 ft electrode spacing are between 20 and 30 ft 

apart, indicating that the 37" fracture is about 25 ft wide at this point. 

Traverses C-C', E-E' and F-F' show a single peak for both the resistivity 

values and AZ values as this fracture was encountered; therefore, no width 

estimate can be made at these points. Also, at the three points where these 

traverses pass across the 37" fracture, the 40 ft GPL values are only about 

one-fourth of those associated with the fracture bearing 115", indicating 

that the anomaly associated with the 37" fracture is shallover than that for 

the 115" fracture. 

h pilot study was also undertaken to detemine the feasibility of 

using the tri-potential technique for locating underground coai mines. A 

profiling survey using the Soil Test Terra Scout resistivity meter was run 

over a 200 ft deep coal mine in the Pittsburgh Coal seam near the >lorgantown 

:lunicipal Airport. This survey was successful in detecting the presence of 

the mine at that depth. However, it is doubtful if resistivl:y surveying 

techniques can locate coal mines much deeper than this. 

DEPTH SOUKDII'JG SURVEY 

A large-scale depth sounding sure-ey was performed at the U.S. ERDA- 

XERC UGC site in Wetzel County, lJest Virginia; the purpose of this survey rJas 

to evaluate the apparent resistivities of the PLttsburgh Coal seam and over- 

lying stratigraphic units before initiation of coal burning at the UGC site. 

Lkiginally another survey was to have been run during the coal burning phase 

of the UGC project for comparison with the initial depth sounding survey. 
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However, the second survey vas not possible because of lengthy deiays in the 

initiation of the burn (which did not take place as of September, 1976). 

Several preliminary depth sounding surveys were run before the large- 

scale survey, using either a Soil Test Terra Scout or a Bison model 2350 

resistivity meter. The maximum depth of investigation under ideal conditions 

for the Soil Test Terra Scout is 200 ft and for the Bison model 2350 is 400 

ft. Xeither of these instruments then have sufficient capabilities to 

accurately determine the apparent resistivitp for electrode spacings larger 

than 400 ft. 

The instrument that was used for the large-scale depth sounding 

survey was one developed at the U.S. ERDA, Denver ?iining Research Center by 

Lepper and Scott (1974). The design and operation of this instrument is 

described in detail by Lepper and Scott (1974). This instrument has the 

disadvantage that a simple null is not used to determine the earth resistance; 

an oscillating null is instead used. In order to obtain a reading, one has to 

minimize the back-and-forth oscillating motion of the null meter. At small 

electrode spacings where the signal-to-noise ratio is high, this is a simple 

task. At large electrode spacings where the signal to noise ratio is low, 

even at the optimum null the oscillations are very high. This large oscilla- 

tion amplitude makes it difficult to determine just where the optimum null 

position is. In this particular instrument, another disadvantage was that 

instead of a solid state relay, a mercury relay is used to obtain the low 

frequency square-waved current output. This mercury relay cannot handle the 

rapid switching necessary for any length of time. As a result of this, the 

relay had to be replaced approximately six times during the course of t?,e 
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survey. This resulted in much wasted time while relays were sent back and 

forth between L,:est Virginia and Colorado; this necessitated t:hat the survey be 

conducted over a several-month period. 

There were three test holes drilled at this site, as shown on 

Figure 13. Gamma-ray, caliper, and induction logs were obtained for these 

test holes. The induction log was used to determine the actual resistivity of 

each layer so that a comparison could be made with the apparent resistivities 

obtained with the tri-potential depth sounding survey. The resistivities 

obtained from the induction log are plotted on Figure 16 as bar graph values 

versus depth. Also plotted on Figure 16 are the tri-potential apparent resis- 

tivities and tri-potential residual resistivity versus electrode spacing. The 

scales for depth and electrode spacing are the same on this figure. It must be 

noted here that the electrode spacing is not the same as the depth of investi- 

gacion, as is sometimes the case :qhen a simpler layered situation is studied. 

The apparent resistivity data for this survey is plotted in Figure 

16. These data appear to approximate one of the classic forms of t!le four 

layer case, where the first layer resistivity is higher than ch? second layer; 

the second iayer resistivity is laxer than the third layer and the third layer 

resistivity is higher than the fourth. Casing standard clirve fFtting techniques 

(Bhattachary and Patra; 196S), one solution to this layered distribution is: 

cl = 1000 ohm-ft Zl = 12 ft 

P2 = 200 ohm-ft z2 = 50 ft 

,7 = 900 ohm-ft Z3 = 400 ft 2 _I 
5 LL = 300 ohm-ft z,= crJ 

where o, aoparent resistivity and Z is t!:e depth to a layer's bottom for 

layers 1 (upperxos:),?, 3, and 4. This is a much more simplified system 
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than actually is occurring in the field and represents averages of the true 

resistivities of the actual formations in the field. 

The geophysical logging performed by the YERC started at a depth 

of 70 ft below the surface. The values of formation resistivity as determined 

by the induction log are plotted in Figure 16 along with the surface survey 

data. In almost all cases the apparent resistivity determined from the tri- 

potential depth sounding survey is greater than the formation resistivity as 

determined by the induction log for a corresponding depth and electrode spacing. 

This is another example illustrating the inaccuracy of the general rule of 

thumb which assumes the electrode spacing is equal to the depth of investiga- 

tion. This is especially true in clay-rich soils and conductive formations 

such as those that occur at this site. In highly conductive materials it is 

often necessary to have an electrode spacing three times larger than the 

depth of investigation. 

The residual AZ values for this survey show that lateral variations 

in resistivity apparently affect the data at various points along the survey. 

These affected points correspond to resistivFty data for: 

8 - 14 ft electrode spacing 

24 - 48 ft 1' 1, 

70 - 30 ft " II 

130 - 140 ft " II 

350 - 400 ft ,I 11 

550 - 800 ft " 11 

1000 - 1500 ft " II 

bs mentioned earlier, when the electrode spacing increased, so did the diffi- 

culty with which the instrument was read. This may well account for the 
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erratic nature of the data for electrode spacings greater than approxi- 

mately 150 ft. Thus the AX may not be reflecting variations in 

resistivity at all for these greater depths. Due to equipment limita- 

tions at the present, it is not possible to use the UGC data to 

establish the greatest depths to which a tri-potential depth sounding 

survey could give estimates of resistivities in this area. 

RESISTIVTTY HODELING 

X computer model was constructed for simulating the results 

of a depth sounding survey for the tri-potential technique, to detemins 

the reliability and sensitivity of the tri-potential depth sounding 

survey used at the UGC site in this study. The computer program was 

designed after Mooney, et al. (l%(j), with the help of Dr. Roy Greenfield 

of the Pennsylvania State University. This program was then modiz'ied by the 

senior author. A copy of this program appears in Appendix A. 

The input data to the computer program consisted of corrected 

and averaged resistivities for strata obtained from induction logs, 

thicknesses of combined stratigraphic units from induction logs, and 

several hypothetical electrode spacings. The program output ccnsisted 

of resistivity contrasts for each set of adjacent stratigraphic units, 

and predicted apparent resistivities for various electrode spacings. A 

calcomp plotter then was used to plot predicted apparent resistivity 

versus electrode spacing. 
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Induction log data used in the computer program was not 

available for the upper 70 feet of strata; the measured resistivity 

for the first layer encountered (99 ohm-ft) was therefore used as the 

average resistivity for the upper 70 feet layer. Induction 109 data 

was reduced to give the average resistivities for 24 defined layers, 

situated between the ground surface and the Pittsburgh Coal seam. 

These data were then utilized by the computer program. 

Figure 17 shows plots of the modeled apparent resistivities 

(from the program) versus electrode spacing as well as the apparent 

field resistivities (from the tri-potential depth sounding survey) 

versus electrode spacing. This figure shows that the tri-potential 

apparent resistivity and the computer modeled apparent resistivity 

trends are initially divergent, but start to converge with increased 

electrode spacing, starting at approximately a 30 ft. spacing. For 

greater electrode spacings the two resistivity trends are approximately 

parallel to each other, with the tri-potential trend being higher. 

This indicates that the apparent resistivity data from the tri-potential 

field survey do respond as theoretically predicted by the modeled apparent 

resistivity data. Yany of the differences between the two resistivity 

trends of Figure.17 are probably caused by error in the assumed average 

resistivity for the upper 70 feet of ground, and hence by error in the 

computer model. In addition, the computer program was used to resolve 

the apparent resistivity data obtained from the tri-potential surJey 

into true average resistivities versus depth for four combined stratigraphic 

units. The results are identical to those obtained using the standard 

curve fitting techniques, as previously presented in this report. 
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CONCLVSIONS 

GENEIWL CONCLUSIONS 

This research project has shown that the tri-potential 

method of resistivity survey can be used in many applications and is 

an improvement over other resistivity survey methods, because: 

1. Additional data can be obtained with the tri-potential 

survey with little additional investment of time over the Wenner array 

survey, since the three electrode tri-potential arrays can be obtained 

by the flip of a switch and not the physical moving of electrodes. 

3 -. Depending on the situation, the CPCP or CCPP apparent 

resistivities are more responsive to variations in resistivity distributions 

in the subsurface than the more common CPPC (TJenner) apparent resistivity. 

This often allows one to distinguish between smaller variations in 

resistivity than would be possible using just the CPPC array. 

3. The degree of lateral variation in resistivity can be 

determined in order to assess the validity of the depth sounding inter- 

pretation method by the use of the AZ variable. This method is only 

accurate if there are small lateral changes in resistivity. 

4. In the horizontal profiling survey, the tri-potential AX 

residual variable is useful in identifying the type of anomaly and helps 

to give an estimate of the depth to the anomaly. 

3. The tri-potential profiling technique can be used to 

substantiate lineament analysis from photographs to determine if fracture 

zones are associated with these lineaments; it shows successful resuits 
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in locating fracture zones. The nature of anomalies associated niith 

fracture traces compare favorably with theoretical predictions. 

6. The depth and sometimes the width of a fracture zone 

can be assessed by an examination of the 2% value for various electrode 

spacings of the profiling survey. 

7. The tri-potential resistivity surveying tecfinique is 

capable of detecting and locating deep coal mines down to a depth of 

at least 200 ft, but probably not much deeper. A more promising geo- 

physical surveying technique for locating deep mines is shallow 

reflection seismic surveying; this technique is recommended for future 

use in locating and mapping general areas underlain by poorly-known 

coal mines. 

COYCLCSIONS FCR UGC SITE 

1. The horizontal profiling survey using the tri-potential 

technique was useful for locating fracture zones at the UGC site, as 

57211 as for determining their approximate :Ji.dth at ctie ground surface. 

7 -. The approximate depth of fracture zones at the UGC site 

can be determined by the tri-potential technique if a pcwerful enolugh 

resistivity unit is used together with several profiling surveys having 

different electrode spacings. 

3. Some detected fracture zones are associated with photo- 

lineaments, but most photo-lineaments apparently do not correspond to 

fracture zones at the UGC site. The two most prominent fracture zones 

are overlaid by the most prominent photo-lineaments in this ar?a. 
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h . Computer modeling of apparent resistivity versus electrode 

spacing has shown that the tri-potential .epth sounding technique sives 

reasonably reliable estimates of apparent resistivity as a function of 

electrode spacing at the UGC site. 

5. The Leeper and Scott resistivity meter was not sensitive 

enough to resolve the different resistivities of thin layers at the UGC 

site, using depth sounding tri-potential surveys. Yoreover, it IS 

doubtful that the tri-potential method or any other resistivity survey 

method could adequately detect differences in the apparent resistivities 

of thin rock layers at the UGC site or elsewhere. 

6. The tri-potential depth sounding technique (as well as 

other resistivity surveying methods) will probably not be useful in 

detecting the burn front in the Pittsburgh Coal seam at the UGC site, 

after burning begFns. This technique is probably not sensitive enough 

to detect resistivity changes in a coal seam at such a great depth 

(about 900 feet). 

7. The induced polarization technique as well as shallor; 

reflection seismic surveying would most likely prove useful in detecting 

and monitoring the burn front during future 'ourning of coal underground, 

both at the UGC site and elsewhere. 
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